mammalian CNS synapses. We previously devised a noninvasive method toward imaging synaptic growth using a green fluorescent protein (GFP) chimeric protein marker that is transgenically expressed in muscle and that localizes specifically to the PSD (Zito et al., 1999). homology GEF domain, and a pleckstrin homology dosynaptic levels of the PDZ protein Dlg, the cell adhemain. In Drosophila, we find that dPix is localized to the sion molecule Fas II, and the glutamate receptor sub-PSD and that dpix mutations lead to the loss of synaptic unit GluRIIA, and to a complete reduction of the serine/ dPak. Paks are a family of Cdc42/Rac1-activated serine/ threonine kinase Pak and the subsynaptic reticulum.
Figure 2. Cloning of dpix
(A) The genomic region of dpix (dpix ϭ rtGEF, CG10043). Df(2)PJ17 deletes spire and D-la, whereas Df(2)PJ19 deletes also dpix. Only Df(2)PJ19 fails to complement the dpix alleles. Also shown are the P element used to generate these two deficiencies (P8), the P element used to generate the allele dpix p1036 -EP(2)401, and the position of the dpix allele dpix p1036 . (B) The domain structure of dPix is shown, along with the point mutation found in dpix 2 -a change from G to A resulting in a missense mutation of Gly to Arg in position 265 of the protein. We did not detect any genetic lesions in the coding region and short introns (introns 2-4 and 6) of dpix 1 and dpix 3 . PH, pleckstrin homology domain. ppp, a proline rich region.
fer to the Drosophila protein as dPix). Pix was initially Second, we mobilized a P element into the first intron of the gene (Figure 2 ) and generated an independent mutation in dpix. This allele, dpix p1036 , had the same phesecond chromosome. Three mutant alleles in one gene identified in the screen, dpix, caused a reduction in exnotype as the EMS alleles and failed to complement them. When the P element was precisely excised, the pression of the CD8-GFP-Sh chimera so that its levels at the PSD were reduced by 79% Ϯ 2.7% (n ϭ 10; phenotype reverted to wild-type. Third, protein expression of dPix was eliminated in dpix p1036 mutants and in Figures 1A and 1B) . This was the only gene on the second chromosome that we identified with this phenotype.
synapses of the EMS alleles ( Figure 3 ). The EMS alleles were viable over deficiencies that uncovered the region Since the CD8-GFP-Sh chimera is targeted to the synapse via interactions with Dlg, we looked at the cluster-(data not shown). dpix p1036 was semilethal over Df(2)PJ19 (data not shown). ing of Dlg at the synapse. The levels of Dlg in dpix mutants were lowered by 74% Ϯ 6.6% (n ϭ 10; Figures  1C and 1D ). The pattern of Dlg localization to periactive Protein Expression of dPix We prepared an antibody to be used against the SH3 zones (Sone et al., 2000) was also disrupted (insets in Figures 1C and 1D , which we subsequently showed to be mutations in a Rho-type GEF -rtGEF (Werner and embryos dPix was localized to muscle attachment sites, with the highest levels in attachment sites of the ventral Manseau, 1997). RtGEF is most homologous to the vertebrate protein ␤Pix (throughout this manuscript we remuscles ( Figure 3A) . dPix was also concentrated in the in embryos; however, in larvae, the protein was missing from the synapse ( Figures 3E and 3F ). Protein expression in other tissues appeared to be intact (data not shown). In contrast, in late stage 16 embryos of dpix p1036 ( Figure 3B ), the protein was undetectable, although at early stage 17 embryos, faint staining in muscle attachment sites could be discerned (data not shown). In larvae, the protein was absent from the NMJ, similar to the EMS alleles (data not shown). In all of the following experiments we could not detect any differences at the NMJ between the EMS and the P element-induced alleles. We therefore used the term, "dpix mutant", in the text, and specified the alleles shown in the figure legends. Since dPix was expressed in significant levels in the CNS and in the axon scaffold, we looked to see whether there were any CNS phenotypes in dpix
p1036
. We could not detect any defects when CNS markers ID4 and BP102 were used (data not shown; Patel, 1994).
dPix Regulates Several Postsynaptic Markers
Given the strong expression of dPix at the NMJ, we examined more directly the phenotype of dpix mutants at the synapse. We stained dpix mutants with various other synaptic markers, namely Synaptotagmin (Syt), which is a synaptic vesicle protein labeling both type I and type II synapses (Littleton et al., 1993). In dpix mutants, Syt staining intensity is equivalent to wild-type synapses, and both type I and II synapses were present ( Figures 4A and 4B) . However, the boutons in dpix mu- . In order to see whether dPix would also colocalize with dPak and of the GluRIIB transgene were similar in dpix and wildtype larvae ( Figures 4G and 4H ). This was in contrast to GluRII, we double labeled larval NMJs for dPix and dPak. Indeed, dPix colocalized with dPak and, hence, GluRII the CD8-GFP-Sh chimera, which was also transgenically expressed by the same MHC promoter and was reduced ( Figure 3D and inset). In contrast, dPix did not colocalize with the presynaptic protein synaptotagmin ( Figure 3C in dpix synapses (Figure 1 ). Similar to GluRIIA, GluRIIB was still localized opposite active zones in dpix mutants, inset). This indicated that dPix is mainly postsynaptic.
Next, we looked at the protein expression pattern and and targeting of the transgene did not seem to be affected. We concluded that the localization and levels levels of dPix in the dpix mutants. In the EMS alleles, there was no discernable change in protein expression of GluRIIB seemed to be normal, although it was still One possibility is that Dlg and dPak were not concento see whether the SSR was affected as well. As shown in Figures 6A-6D , the SSR in dpix mutants was almost trated in the synapse because their level of expression was reduced in dpix mutants. In order to test this possicompletely absent. This phenotype was seen in all allelic combinations. In dpix 1 /dpix 2 the presynaptic terminal bility, we performed Western blot analysis on dpix and wild-type larval muscle protein preparations. The exlooked normal, with the characteristic active zones, T bars, and synaptic vesicles. However, when dpix 1 (Figure pression levels of Dlg and dPak were normal in muscles of dpix 1 larvae (data not shown); thus their elimination 6C) or dpix p1036 ( Figure 6D ) were crossed to the deficiency Df(2)PJ19, there were presynaptic defects. In these gefrom the synapse was not due to reduced expression levels.
notypes Figures 6E and 6F ). In this allelic combinalevels at the synapse were also normal. However, in dpak 11 /dpak 6 , Dlg levels were already somewhat lower tion, the levels of Dlg were also reduced to similar levels as in dpix mutants. We did not see any presynaptic than wild-type (reduction of 57% Ϯ 11%, n ϭ 10), and dPak levels were reduced by 66% Ϯ 1.5% (n ϭ 10). In defects in dpak mutant larvae. Since the SSR is missing in dpix and dpak mutants, dpak 11 /dpak 7 , Dlg levels were reduced to the same extent as in dpix mutants (75% Ϯ 11%, n ϭ 10; Figure  it is possible that the reduced levels of CD8-GFP-Sh, Dlg, Fas II, and GluRIIA at the synapse result not from 5A-F), and dPak was absent. Fas II levels were also reduced to the same extent as in dpix mutants (a reductargeting or stabilizing defects, but rather from the lack of SSR. In late stage embryos and first instar larvae, the tion of 19.3% Ϯ 4.4%, n ϭ 14). Levels of GluRIIA were also reduced, although less than levels in dpix mutants SSR has not yet developed (Schuster et al., 1996) . Thus, if the SSR controls the localization of these postsynaptic (reduction of 56% Ϯ 5%, n ϭ 14). These results were consistent with dPak acting as a downstream effector components, we would expect no difference in their levels between wild-type and dpix early first instar larof dPix. Nevertheless, there were differences between dpak and dpix mutants. In dpix mutants, the synapse vae. However, when looking at the CD8-GFP-Sh chimera ( Figures 1E and 1F) , as well as at Dlg, GluRIIA, and dPak looked abnormal and irregular; whereas in dpak mutants, even when Dlg levels were lowered, the synapse (data not shown), the dpix phenotype is already fully evident in early first instar larvae just prior to hatching. looked normal (compare 5F and 5H). Also, in dpak mutants, the muscles were thin and degenerated, and the Given that the area and complexity of the SSR is reduced by at least 50% due to the absence of Dlg (Lahey et al., muscle nuclei were mislocalized (data not shown). In dpix larvae, the muscle activity appeared weaker (as 1994), it is most likely that the SSR defect is a secondary defect generated by the lack of several postsynaptic assessed by larval motility) than in wild-type larvae, but they were not as affected as in dpak mutants, and muscomponents regulated by dPix. cle nuclei were localized normally. It should be noted that the ultrastructure of dpix and dpak muscles was Electrophysiology of dpix Mutants completely normal, and muscle differentiation per se
We set out to examine synaptic function in dpix mutants did not seem to be affected. We could not find any (Figure 7) . Unexpectedly, the electrophysiological differstructural correlate that would explain the weaker musences between mutant and control larvae were relatively cles of dpix larvae.
mild. Evoked excitatory junctional potentials (EJPs) were reduced by up to 18% and a greater variation in the EJP amplitude per muscle was noticeable compared dpix Mutants Lack the Subsynaptic Reticulum
The muscle membrane at the fly NMJ is folded into a to wild-type larvae. The amplitude of spontaneous miniature excitatory junctional potentials (mEJPs) was also specialized structure called the SSR. In Dlg mutants the SSR is reduced in size (Lahey et al., 1994) . Since the reduced by 13% -17% in dpix mutants. The small reduction in the size of mEJPs can be attributed to the reduclevels of Dlg are reduced in dpix synapses, we looked The synapse between muscles 6 and 7 in third instar larvae was analyzed by EM. Genotypes analyzed were wild-type (A); dpix 1 /dpix 2 (B); dpix 1 /Df(2)PJ19 (C); dpix p1036 /Df(2)PJ19 (D); dpak 11 /dpak 6 (E); and dpak 11 /dpak 7 (F). Arrow marks, T bar; SSR, subsynaptic reticulum. Scale bar is 1 m. tion in GluRIIA levels ( Figure 4F We examined short-term facilitation in dpix mutant 2000). Rho-type GTPases are known to play a major role in the regulation of the actin cytoskeleton, and thus background. We did not observe significant differences between wild-type larvae (n ϭ 5) and dpix p1036 /Df(2)PJ19 they are good candidates to control the PSD. The data described here show an important role in synapse orgamutants (n ϭ 5).
nization for a Rho-type GEF and a Rho-type effector kinase, and in so doing, suggest a functional role for Discussion Rho-type GTPases in the regulation of postsynaptic structure and protein localization. However, we do not Our goal was to use genetic analysis to complement biochemical approaches that have been highly successyet know which Rho-type GTPase is involved (e.g., Cdc42 vs. Rac). Alternatively, it is possible that the localful in the identification of PSD components. A genetic approach might lead to the discovery of regulatory comization of the Pix-Pak complex to the synapse is independent of small G proteins. There is a precedent for ponents that are upstream of the clustered protein complexes discovered by biochemical binding studies.
Pak and/or Pix acting independently of Cdc42 and Rac (Obermeier et al., 1998; Daniels et al., 1999), and so it Starting with such a large-scale forward genetic screen, we have isolated mutations in a gene encoding a Rhois possible that small G proteins are not necessary to localize Pix/Pak to the synapse. type GEF (dPix) that is essential for correct synaptic structure and assembly of postsynaptic proteins. In dpix mutant flies, the serine/threonine kinase dPak is not
The Specificity of dPix in Controlling Different Synaptic Components targeted to the synapse, the targeting of Dlg is partially disrupted, and the synaptic levels of Dlg, GluRIIA, and
The dpix phenotype is consistent with at least two functions at the postsynaptic compartment: targeting and Fas II are reduced (Figures 1, 4, and 5 ). In addition, the SSR is almost completely absent (Figure 6) . The results stabilization, of postsynaptic components. In dpix mutants, dPak is completely missing from the synapse (Figpresented here reveal a specific and key in vivo function for a Rho-type GEF (Pix) and Rho-type effector kinase ure 4). Since Pix is known to directly interact with Pak in mammals and target it to focal complexes (Manser (Pak) in the regulation of postsynaptic structure.
Previous biochemical studies on mammalian glutaet al., 1998), our data best fit with the model in which dPix targets dPak to the synapse via a direct interaction. matergic synapses have shown that several regulators, an elaborate SSR has not yet been formed (Schuster et al., 1996) and so any defect in the localization of synaptic components cannot be attributed to the absence of SSR. Second, in vertebrates as well as in flies, the neurotransmitter receptors are actually clustered close to the synaptic cleft rather than in the depth of the secondary folds or the SSR (Petersen et al., 1997; Sanes and Lichtman, 1999). Therefore, GluRIIA should not be dramatically affected by the reduction of the SSR. Finally, we have preliminary evidence that dpix is able to suppress the phenotype of another mutant isolated in our screen (our unpublished data). In this mutant, Dlg is clustered at the synapse but also in extra-synaptic sites, which would not contain the SSR, indicating that dPix is involved primarily in targeting or stabilizing Dlg, rather than in formation of the SSR.
dPix Acts Largely through dPak
How does dPix function to stabilize Dlg and GluRIIA? We show that a major downstream effector of dPix at the synapse is dPak. In dpak mutants, the levels of Dlg and GluRIIA at the synapse are reduced (Figure 5) , and the SSR is also disrupted (Figure 6 ). dPix seems to have other partners apart from dPak. First, the levels of GluRIIA at the synapse are more severely affected in dpix, than in dpak mutants. Second, in dpix mutants, both synaptic Dlg levels and its localization pattern, are compromised; whereas, in dpak mutants the localization pattern of Dlg is unaffected ( Figure 5) . Finally, the SSR We could not case of Dlg, its localization pattern is also disrupted, detect any postsynaptic defects either in synaptic proindicating that dPix controls the postsynaptic targeting tein levels or in SSR structure in these flies (our unpubof Dlg at least to some extent, as well as its stabilization lished data). All of the G protein alleles or transgenic at the synapse. The localization pattern of GluRIIA (in flies used were hypomorphs. It is possible that we did subsynaptic domains opposite active zones) is intact.
not observe a phenotype because only a limited number Thus, dPix is not necessary for the synaptic targeting of reagents were available, and none of those that surof GluRIIA per se, but rather, it is important for maintevived to larval stage represented the complete loss-ofnance of its levels and/or stabilization. function condition. dPix could actively control the stabilization of Dlg and GluRIIA (presumably through dPak) or indirectly through the loss of the SSR. We do not favor the latter explana-
Pre-and Postsynaptic Functions of dPix
The localization of dPix, as assessed by antibody staintion for several reasons. First, the dpix phenotype is already evident in early first instar larvae (Figure 1) when ing, was mainly postsynaptic although motorneurons were stained at lower levels. Moreover, there were nents, as well as the integrity of the periactive zone are affected, possibly leading to the disruption of various clearly presynaptic defects in dpix mutants, including structural ( Figure 6 ) and electrophysiological defects signaling cascades. Another possible function for the fly SSR is that it (Figure 7) . It seems likely that dPix was localized both pre-and postsynaptically, much like Dlg (Budnik et al., functions as a regional endoplasmic reticulum (ER). In vertebrate muscles, only the nucleus that is close to the 1996) and Fas II (Schuster et al., 1996) . On the postsynaptic side, dPix was localized to active zones, along synapse is active in transcribing mRNAs of synaptic proteins. The nuclei in fly muscles have no such specialwith dPak and GluRII (Figure 3) . Its absence, however, affected both active zone components (i.e., dPak and ization. The SSR could thus serve as a specialized region for the production of synaptic components. Indeed the GluRIIA) and periactive zone components as defined by Sone et al., (1997) 
The main postsynaptic electrophysiological defects that
The dpix alleles were mapped to the interval between black (34D) we found in dpix mutants are ‫%51ف‬ reduction in both and curved (52D) by recombination mapping. We narrowed the remEJPs and EJPs. The reduction in mEJPs was most gion to 38C1-10 by crossing to several large deficiencies in that likely due to the reduction in the levels of GluRIIA. Howarea. We then used two small deficiencies, Df(2)PJ17 and Df(2)PJ19 ever, in GluRIIA nulls there was no decrease in EJP (Bai and Tolias, 2000) that had been generated through mobilization of the P element, fs(2)P8, which is located at the 5Ј region of the amplitude due to a retrograde signal regulating presyn- dpix mutants, both the levels of various synaptic compo-
